Background. Using a novel combination of whole-genome sequencing (WGS) analysis and geographic metadata, we traced the origins of Salmonella Bareilly isolates collected in 2012 during a widespread food-borne outbreak in the United States associated with scraped tuna imported from India.
The global food network poses challenges to traceback of pathogens causing food-borne illnesses; a single meal can contain ingredients from multiple regions, and food products are shipped around the world. For example, public health authorities investigated a multistate outbreak of Salmonella enterica subsp. enterica serovar Bareilly and Salmonella Nchanga infections with illness onset dates between 1 January and 7 July 2012. Of a total of 425 cases reported in 28 states and the District of Colombia, 410 (96.5%) were found to be caused by Salmonella Bareilly infection [1] . Collaborative investigations by state, local, and federal public health and regulatory agencies linked this outbreak to a frozen, raw yellowfin tuna product ("tuna scrape"). This product had been marketed as Nakaochi Scrape by an Indian corporation and used to make spicy tuna sushi for restaurants and grocery stores [1] .
First identified in India in 1928 [2] , Salmonella Bareilly is known for its wide host range [3] [4] [5] and has been among the top 20 most frequently isolated serovars in clinical cases of salmonellosis [6] in the United States. Some strains are clonal and can be detected in numerous sites throughout Southeast Asia. These features make epidemiologic traceback difficult with conventional tools such as pulsed-field gel electrophoresis (PFGE) [7] , which does not provide the level of resolution necessary to distinguish outbreak strains from clonally related Salmonella Bareilly isolates previously obtained from other sources.
Diagnostic capabilities have been greatly enhanced with the development and increasing deployment of whole-genome sequencing (WGS), which is now being applied frequently as a molecular epidemiologic tool to assist in investigations of disease outbreaks [8] [9] [10] . The accessibility of WGS for pathogen analysis has made it possible to sequence multiple isolates, construct phylogenies showing the extent to which outbreak and environmental isolates are related to each other, and then use those phylogenies to corroborate epidemiologic data [11] [12] [13] .
Advances in both WGS and geographic information systems software now enable researchers to integrate phylogenetic trees (based on single-nucleotide polymorphism [SNP] data) with the metadata associated with isolates (eg, latitude and longitude coordinates, and, where possible, date of collection) [14] . In a retrospective investigation, we demonstrate the value of WGS to delimit and source track an outbreak global in scale. By merging comparative genomic analysis with geographic mapping tools, we were able to generate a transmission graph that revealed where Salmonella Bareilly pathogens may have originated. Global location and the unique mutations of the serovar were then projected onto a virtual globe. These new technologies enabled traceback to the contamination source with a high degree of certainty and allowed us to better understand the Salmonella Bareilly pathogen transmission network.
MATERIALS AND METHODS

Bacterial Isolates
Our data set consisted of 100 Salmonella Bareilly isolates obtained from clinical, food, feed, and environmental sources (Supplementary Table 1 ). The isolates were chosen based on similarity or dissimilarity by PFGE to Salmonella Bareilly isolated from the outbreak in 2012. Of these isolates, 41 were collected during the investigation of the tuna scrape-associated outbreak in 2012. The New York Department of Health and Maryland Department of Health and Mental Hygiene provided 29 clinical isolates. Environmental isolates from raw tuna fish were collected during US Food and Drug Administration (FDA) inspections. Historical food strains of Salmonella Bareilly gathered from different countries between 1968 and 2012 were isolated from various food sources by the FDA both during routine inspections and as part of compliance actions related to earlier contamination events. Two additional Salmonella Bareilly clinical isolates were analyzed for comparison; these were collected from different outbreaks in Maryland during 2011.
DNA Preparation, PFGE, and Genome Sequencing PFGE was performed according to the PulseNet protocol of the Centers for Disease Control and Prevention (http://www.cdc.gov/ pulsenet/pathogens/index.html). Genomic DNA from each strain was isolated from overnight cultures using the DNeasy Blood & Tissue kit (Qiagen). A single isolate, Salmonella Bareilly CFSAN000189, was sequenced on the Pacific Biosciences (PacBio) RS II Sequencer and assembled as described elsewhere [15] [16] [17] . Most of the isolates (96 of 105) were sequenced using the Illumina MiSeq platform. Five were sequenced using an Ion Torrent (PGM) sequencing system (Life Technologies) with 200-base pair readings. The Illumina and Ion Torrent readings were assembled de novo using CLC Genomics Workbench software (version 6; CLC bio). Five isolates were shotgun sequenced with the Genome Sequencer FLX 454 Life Sciences (Roche). De novo assemblies were performed using the Newbler software package (version 2.6; Roche). All assembled genomes were annotated using the National Center for Biotechnology Information Prokaryotic Genome Automatic Annotation Pipeline [18] .
Phylogenetic Analyses and Novel Concept of Transmission Networks
We used the closed Salmonella Bareilly genome as a reference, mapping raw readings from draft genomes to this reference genome and then building a SNP matrix from which a maximum likelihood (ML) tree was constructed. In this use case, we used our SNP tree for Salmonella Bareilly to generate a transmission graph and applied betweenness centrality (BC) on the generated graph to evaluate importance of isolate locales. BC is an indicator of the mathematical centeredness of a node (eg, place) within a larger network, taking into account the shortest paths from all points in the network that pass through that node. In the transmission graph, a node represents a geographic place of isolation for a pathogen, and the directed edge between 2 nodes represents a historical transmission link for the corresponding places of isolation. The number of transmissions is considered in determining the edge weights.
The BC is used to determine how many times a node appears on a shortest path between every pair of nodes. If the number of shortest paths between a pair of nodes s À t is s st , and node ν exists s st ðvÞ times in these shortest paths, then the BC of node ν can be expressed as
Details regarding DNA sequencing, comparative and phylogenetic genome analyses, and geographic mapping and visualization are provided in the Supplementary Materials.
RESULTS
PFGE of the Outbreak Isolates
PFGE, using 2 restriction enzymes (Xbal and BlnI), was performed for all 41 isolates collected from the 2012 tuna outbreak. The 41 isolates produced Xbal and BlnI PFGE patterns JAPX01.0042 and JF6A26.0076, respectively. One (CFSAN000755) of the 2 clinical Salmonella Bareilly isolates (CFSAN000755 and CFSAN000754) collected from different outbreaks in Maryland in 2011 also shared the same PFGE pattern as the 2012 outbreak. Most notably, a total of 7 historical isolates unrelated to the outbreak were indistinguishable from the outbreak XbaI pattern.
Comparative Phylogenetic Genome Analysis
Our work provides 100 new draft genomes of Salmonella Bareilly strains, including the first publicly available, fully closed genome of this serovar. Variable SNPs, extracted from the WGS data, were subjected to comparative genomic analysis, yielding a single ML tree of 100 isolates ( Figure 1 ). Data from this phylogenetic analysis provided critical information for effectively delineating members of the serovar Bareilly. First, the resultant ML tree partitioned Salmonella Bareilly into 4 distinct lineages (100% bootstrap support) separated by >10 000 SNPs and at least hundreds, if not thousands, of unique SNPs common to only an individual lineage. Lineage IV comprises 68 isolates and is by far the most comprehensive lineage. It is further divided into 4 sublineages (100% bootstrap support) separated by >1000 SNPs. Second, lineage I, which includes the 5 Salmonella Bareilly isolates, obtained from the East Coast of the United States, is more closely related to the outgroups than to any members of Salmonella Bareilly lineages II, III, and IV. Lineage I is also noteworthy in that was found to be devoid of the cas gene cluster, present in isolates from lineages II, III, and IV.
Third, Salmonella Bareilly isolates tended to cluster by geography in that those isolates derived in proximity to each other were also closely related in the tree. For example, isolates from lineages I and III were collected from environmental and clinical samples from the United States, whereas most isolates from lineages II and IV originate in Asia. Fourth, as was expected, isolates with matching PFGE profiles (ie, XbaI) are more closely related to each other in the tree than to Salmonella Bareilly isolates retaining disparate PFGE profiles. In this case, although Figure 1 . Maximum likelihood (ML) tree based on single-nucleotide polymorphism (SNP) analysis of 100 Salmonella Bareilly isolates. 106 597 variable SNPs, with 69 590 being informative, were found using SAMtools software (version 0.1.18) [20] followed by a custom pipeline. The ML tree was generated using GARLI software (version 2.0) [21] under the GTR + Γ model of nucleotide evolution and visualized using Figtree software (version 1.3.1). Parameter space was searched for the best tree, with simultaneous estimation for model parameters performed using a ML search. The best tree was identified from 200 runs on the nonbootstrapped data set. The numbers of unambiguous substitutions that mapped to the tree only once and are >0 are given above each node in blue. Measures of clade confidence are reported below each node in the form of bootstrap values (1000 iterations). Bootstrap values <70% were not shown. The tree was rooted with 6 outgroups including Salmonella Schwarzengrund CFSAN003382, Salmonella Ohio CFSAN001079, Salmonella Norwich CFSAN001077, Salmonella London CFSAN001081, Salmonella Thompson CFSAN00736, and Salmonella Senftenberg CFSAN000909. The taxa of source for each isolate, geographic location, and date were mapped onto the tree; prophage, insertion sequence; and plasmid observations are also depicted. Taxa shown in red were isolated during the outbreak investigation.
tens of thousands of SNPs could distinguish among the major lineages, <120 SNPs varied within any clonal PFGE pattern. Finally, Salmonella Bareilly isolates associated with the implicated food production facility and the clinical isolates from the 2012 outbreak clustered together (100% bootstrap support) by a mean distance of only 1 SNP (range, 0-6 SNPs). However, these isolates were phylogenetically distinct (with a mean of 96 SNPs differences) from the other 7 isolates that shared a common XbaI pattern. Of note, the reference genome from Salmonella Bareilly isolate CFSAN000189 was closest to the outbreak isolates, differing by a mean of only 20 SNPs and carrying the same IncFIIA plasmid. Pairwise SNP variation between and within the 4 lineages and the tree generated using the core SNP matrix (Supplementary Table 2 and Supplementary Figure 1) further support the phylogenetic partitions described above.
Geographic Mapping and the Novel Use of Transmission Networks for Genetic Data
To visualize the evolution and geographic transmission of Salmonella Bareilly taxon within and among different lineages, we used SUPRAMAP [19] to project the phylogenetic tree, derived from our SNP matrix, onto a virtual globe provided by Google Earth. (The KML file, suitable for interactive viewing in a browser after Google Earth plugin has been downloaded and installed, is available at http://minipointmap.herokuapp.com/ mainpage/dispEarth.) The resulting map includes isolatespecific nodes that could be selected to obtain information about the isolation date, source, common ancestor(s), and mutations that were reconstructed along each branch.
To better understand the patterns of location and dissemination of Salmonella Bareilly, we used a novel concept to generate a transmission graph by using the ML tree shown in Figure 1 and applying BC on that generated graph (Figure 2 ). This analysis showed that India has the highest betweenness score, which provides a measure of its importance in the overall transmission network. India has high transmission frequency with several places, such as Bangladesh, Vietnam, Thailand, Pakistan, Sri Lanka, and the United States, suggesting that Salmonella Bareilly isolates from these countries often originated in India and are transported to these locations through contaminated food. Within the United States, the network also shows transmission frequencies with incoming and outgoing connections between South Carolina, Virginia, and Maryland. That is, outbreaks originating in any of these states have a higher potential of crossing into states that share betweenness. Moreover, akin to outbreak spread among states with shared betweenness, a moderate degree of betweenness and transmission frequency among Thailand, United Arab Emirates, Pakistan, and Vietnam were also noted. In contrast, the BC and transmission frequency are fairly low for all states in the United States, as well as for Mexico, Indonesia, and Taiwan. Transmission graph based on the Salmonella Bareilly isolates used in this study. The graph was generated by using our pangenome tree for Salmonella Bareilly and applying betweenness centrality on the generated graph (method described in Supplementary Materials). A node represents geographic location of isolation for Salmonella Bareilly isolates. The concept of distance between places is related to historical transmission links as indicated by character evolution on a phylogeny. The size and darkness of the spheres represent the relative importance of geographic places in spreading a pathogen, in terms of the betweenness metric, and the thickness of the lines and size of the arrows represent the frequency of historical transmissions.
Relevant SNP Differences and Variable Core Genes Among Salmonella Bareilly
Supplementary Table 3 lists variable genes having unique nucleotide differences that defined specific clades and their SNP change. Sublineage IVd, which clustered together isolates with 5 XbaI patterns (JAPX01.0100, JAPX01.0084, JAPX01.0649, JAPX01.0158, and JAPX01.0042) has 32 unique SNPs, 16 nonsynonymous, located on 27 genes. These SNPs may be suitable for identifying other strains carrying the lineage IVd strain profile. This is important given that sublineage IVd includes clinical isolates obtained from the United States and, as such, other isolates carrying traits identical to those of the clinical isolates that may also pose certain threats to public health. Thirteen unique SNPs, 9 nonsynonymous, were found on 10 genes and are present in only the outbreak isolates. These SNPs were most often located on core genes, such as the 2 nonsynonymous SNPs found on carbohydrate kinase and sulfate/proton transporter genes.
Of 1571 core genes detected, 1524 vary among 100 Salmonella Bareilly isolates. These core genes, along with the number of SNPs, haplotypes, and haplotype diversity are listed in Supplementary Table 4 . In addition, a histogram comparing isolates, based on the number of SNPs according to the number of core genes (Supplementary Figure 2A) and the haplotype diversity is provided according to the number of core genes (Supplementary Figure 2B) . A remarkably large number of mutation "hotspot" genes, for example 50S ribosomal subunit L7/12 (143 SNPs), bifunctional phosphoribosylaminoimidazo (117 SNPs), glycine dehydrogenase (116 SNPs), fimbrial outer membrane usher staF (97 SNPs), and nitrite reductase subunit nirD (93 SNPs) were found to have an enormous number of SNPs. In contrast, haplotype diversity was very low, with only a few types (2-12) noted among the 100 isolates reported here.
DISCUSSION
Using Genomics to Identify the Source of an Outbreak
Public health authorities were informed in 2012 of an outbreak involving Salmonella Bareilly that resulted from consumption of contaminated product containing raw yellowfin tuna. WGS analyses separated clinical isolates and the isolates collected from the potential contamination sources by FDA inspectors from other clonal Salmonella Bareilly isolates that had previously been indistinguishable by PFGE using XbaI restriction. All of the Salmonella Bareilly strains associated with the 2012 outbreak could be traced to a fishery facility in India. These results confirm that the clinical and tuna scrape isolates associated with the 2012 outbreak did, in fact, originate from the same source and are distinguished from other strains grouped with them by PFGE. SNP data easily segregated the 2012 outbreak isolates from the clinical isolate CFSAN000755 (same XbaI PFGE pattern as the 2012 outbreak), obtained in 2011, with a mean difference of 117 SNPs, whereas only 1-6 SNP differences were found between the 2012 outbreak isolates.
The results verify these epidemiologic data and indicate that patients in the United States became infected with Salmonella Bareilly from tuna scrape imported from a fishery in India for making spicy tuna sushi. Remarkably, one Maryland resident, who spent the entire incubation period vacationing in Thailand, became clinically ill on his return to Maryland. The strain isolated from this patient, CFSAN001591, clustered together with the other outbreak isolates and had the same 13 SNPs unique to this particular outbreak-associated group. This finding supports the belief that the patient also became ill because of ingesting contaminated tuna that presumably was imported by the same fishery into Thailand at about the same time. With divergence of only a few SNPs, the closest neighbor to the outbreak clade was CFSAN000189, obtained in 2003. Remarkably, this strain originated from another site in India located approximately 8 km from the implicated tuna facility, a fact that clearly documents the source-tracking capability of WGS.
We obtained 2 clinical Salmonella Bareilly isolates (CFSAN000754, and CFSAN000755) from the Maryland Department of Health and Mental Hygiene from 2011 outbreaks. Isolate CFSAN000754 clustered together with environmental/ food isolates from the East Coast in lineage I and was only distantly related to isolate CFSAN000755, which instead clustered together with food isolates obtained from Asia in sublineage IVd. These 2 isolates are associated with 2 separate outbreaks, and it is noteworthy that WGS was able to distinguish and assign them to their appropriate home lineages. Because no Asian-derived isolates cluster in lineage I, one patient most likely became infected with Salmonella Bareilly after consuming a food product from the East Coast, and the other was most likely infected by eating imported food from Asia (similar to the cases associated with the 2012 outbreak isolates). However, a vehicle was never established, making it impossible to rule out a nonfood source for these infections, given potential reservoirs associated with Salmonella Bareilly that include reptiles and other environmental sources [22] . Moreover, owing to the limited number of isolates in lineage I, more sampling would be required to further support the hypothesis that these two patients became ill from ingesting contaminated food. Nevertheless, our analyses demonstrate that additional sequence variation present in the genome can reveal the geographically distinct origins of isolates. Collectively, these facts illustrate the strength of emerging high-throughput DNA sequencing technology for characterizing the dynamics of agent dissemination, as well as providing rapid traceback of clinical to food and environmental sources during a food-borne contamination event.
Geographic Mapping and Visualization
We introduce here several new strategies that offer both efficient and effective means by which to better present WGS data to public health investigators. By projecting the phylogeny onto a globe using SUPRAMAP, an interactive map can be produced for exploring connections between outbreak cases and the mutations that occur along each branch in the tree. Transmission network analysis of contact investigation data has been used to elucidate the nationwide transmission dynamics of Mycobacterium tuberculosis [23] . In the current study, a combination of phylogenetic character evolution derived from WGS data and geographic metadata was used to create a transmission network. Such networks could be used to identify geographic locations important for historical transmission and spread of Salmonella Bareilly and can enable food producers and public health officials to target interventions at places where they may have the most impact for improving food safety. Our findings demonstrate that India had the highest betweenness score and high transmission frequency to several countries and has therefore probably been central to several transmission events associated with this particular pathogen.
Public health agencies concerned with Salmonella Bareilly contamination could use this information to determine most effective intervention points to minimize or eliminate outbreak risk. Mitigating actions in individual states with low betweenness values may alleviate a single outbreak at the local level but will do little to alleviate the problem at a global level. Rather, contamination events could be mediated at locations that exhibit high levels of betweenness, which should go far to disrupt and ultimately break the entire transmission network. Moreover, countries sharing betweenness may retain infection "bridges," spreading Salmonella Bareilly from one country to another. Although this possibility should be considered, it is important to remember that these predictions are based on a low sample number. Larger studies with more isolates are needed to fully understand the role of these countries in Salmonella Bareilly spread with respect to this outbreak. Nonetheless, transmission networks analysis performed in conjunction with the global visualization of a Salmonella outbreak phylogeny offers practical benefits for determining transmission patterns across geographic regions.
Phylogenetic Analyses
Only a few mutation hot-spot genes were found to have a disproportional numberof SNPs, and they might serve astargets useful for rapidly subtyping serovar Bareilly. Although these genes have several SNPs, the haplotype diversity is fairly low, indicating there are only a few unique sequences among the servoar. Therefore, some of these genes, involved in a variety of different functions, such as metabolic processes, DNA replication and repair, cell division, transcription, and virulence, might be useful for subtyping the serovar.
In addition, tree topology and its associated SNP distances strongly suggest that Salmonella Bareilly formed a paraphyletic group. Lineage I, comprising 5 isolates, had a mean SNP distance of 36 018 to the remaining 95 isolates, more distant than even some of the outgroups used in the analysis. Comparing lineage I isolates with those of lineages II, III and IV, it becomes apparent that a unique ancestor common to all of these isolates is lacking. This observation suggests that Salmonella Bareilly evolved at least twice in independent events giving rise to the paraphyletic structure observed here. Interestingly, since WGS has become more widely used, such phenomena have also been seen in other Salmonella serovars, including Salmonella Newport and Salmonella Saintpaul [24, 25] .
The study also demonstrated that all isolates in lineage I are devoid of the 8 cas genes (cas3-cse1-cse2-cas7-cas5-cas6e-cas1-cas2) comprising and encoding the Type I-E CRISPR-Cas system that forms adaptive immune systems in bacteria to combat phages, plasmids, or other mobile foreign DNA [26] . Because CRISPR-Cas loci inhibit the bacteria from acquiring plasmids or free DNA (which could carry genes that might enhance the survival of these bacteria) [27] , lineage I Salmonella Bareilly isolates may have lost their Type I-E CRISPR-Cas system as a consequence of the East Coast environment. Such loss could provide selective advantages because these strains are able to attain and carry the horizontally transmitted genetic elements necessary for Salmonella Bareilly to persist in this particular niche.
Next-generation WGS of food-borne pathogens is revealing a bounty of genotypic information about the adaptive fitness and persistence of these organisms in their natural environment, the contribution of these data for delimiting the scope and traceback of bacterial outbreaks associated with the food supply cannot be overstated. In the current study case, our data strongly suggest that WGS combined with geographic metadata clearly improves source tracking and surveillance, which is critically important for protection of the public health. Given the important and new capabilities proffered by this technology, the FDA Foods Program has established the GenomeTrakr WGS network and database to provide more draft genomes to support future outbreak investigations. Currently, the database includes >12 000 food-borne pathogens that are publicly available and can be accessed by researchers and public health officials for real-time comparisons [28, 29] . Such tools further support more widespread deployments of WGS technology in tracing global food-borne contamination events back to their source.
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